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Abstract
Taking into account the influences of scatterer geometrical shapes on induced currents, an algorithm, termed the sparse-matrix 
method (SMM), is proposed to calculate radar cross section (RCS) of aircraft configuration. Based on the geometrical characteristics and 
the method of moment (MOM), the SMM points out that the strong current coupling zone could be predefined according to the shape of 
scatterers. Two geometrical parameters, the surface curvature and the electrical space between the field position and source position, are 
deducted to distinguish the dominant current coupling. Then the strong current coupling is computed to construct an impedance matrix
having sparse nature, which is solved to compute RCS. The efficiency and feasibility of the SMM are demonstrated by computing elec-
tromagnetic scattering of some kinds of shapes such as a cone-sphere with a gap, a bi-arc column and a stealth aircraft configuration.
The numerical results show that: (1) the accuracy of SMM is satisfied, as compared with MOM, and the computational time it spends is 
only about 8% of the MOM; (2) with the electrical space considered, making another allowance for the surface curvature can reduce the 
computation time by 9.5%. 
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1 Introduction*
In order to improve the combat survivability, 
both the fighter F-22 and the bomber Flying Wing 
B-2 have employed stealth technology for years to 
reduce their radar cross section (RCS), for which 
refining the aerodynamic shape of an aircraft is of 
vital importance[1-2]. Because different geometric 
shapes have different RCS, an aircraft must be so 
shaped that the RCS could be reduced substantially 
to ensure the most radar waves to be scattered and 
not to be reflected back to the transmitter. To 
achieve this, an accurate RCS algorithm is needed 
to optimize the stealth design. 
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The physical optics (PO)[1] algorithm has been 
widely used to compute RCS in aircraft design, 
which proves satisfied in designing traditional air-
craft configuration, but, for a stealth aircraft, it ap-
pears deficient in accuracy. It is blamed for a stealth 
aircraft configuration inclusive of a blended wing- 
body and a sloping vertical tail and so on, which 
makes the normal direction on the surface far from 
the electromagnetic wave propagation direction of 
threatening radars. Moreover, an aircraft configura-
tion is on the whole an electrically large body, but is 
electrically small or moderate at local positions, 
with which the PO algorithm does not fit in. 
As an accurate approach in dealing with the 
electromagnetic scattering of arbitrary objects, the 
method of moment (MOM)[3-4] is time-consuming. 
Recently, the fast multipole method (FMM) and the 
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multilevel fast multipole algorithm (MLFMA)[5-8],
due to their higher accuracy, have been widely used 
to improve the efficiency of the MOM. However, 
the computational cost is still too high in aircraft 
configuration design, and the algorithms are also 
complicated for the current coupling in the far 
groups.
In this article, a new algorithm called the 
sparse-matrix method (SMM) is proposed, which is 
helpful in solving the problems of computational 
accuracy and speed encountered by existing algo-
rithms. The SMM algorithm introduces two geo-
metrical characteristic parameters, the surface cur-
vature and the electrical space between the field 
position and source position, which exert influences 
on the induced current distribution. Then the equa-
tions, which indicate the relationships between the 
geometrical parameters and the induced current dis-
tribution, are derived. The equations not only reflect 
the different influences of the geometrical shape on 
current distribution throughout the aircraft configu-
ration, but also can be used to distinguish and pre-
dict the strong current coupling zone. The efficiency 
in computing RCS can be improved by constructing 
a sparse impedance matrix with the stronger current 
coupling considered. Examples demonstrate that the 
electrical space is the dominant factor that influ-
ences the induced current distribution. With the 
electrical space considered, making another allow-
ance for the surface curvature could further reduce 
the computational time. 
2 Method of Moment 
The magnetic field integral equation (MFIE) is 
adopted to find the scattering solution of closed ar-
bitrarily shaped conductive bodies. The MFIE for-
mula, which is satisfied in accuracy for closed bod-
ies, is given by 
( ) 2 ( ) 2 [ ( ) ]d
S
g Sc c c u  u u³iJ r n H r n J r    (1) 
where S denotes the surface of a scatterer with unit 
normal vector n; the magnetic field ( )iH r , defined 
as the field due to an impressed source in the ab-
sence of the scatterer, impinges on the surface, S,
thus inducing surface currents J(r) on it; gc  de-
notes a gradient of Green’s function.  
To solve the integral equation, the MOM algo-
rithm starts with making the surface current in terms 
of basis functions approximate in a finite linear 
space of dimension N. The next step is to select a set 
of linearly independent testing functions and then to 
take the inner product in Eq.(1) by the testing func-
tions on the N sample points. Therefore, a N × N
system of linear equations, from which the set of 
unknown coefficients {In} may be determined, 
might be expressed by 
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where Zmn represents the current coupling on the 
surface of a scatterer depending on the surface 
curvature and the space between field point m and 
source point n, Vm denotes the excitation on the 
sample point m by the incident field.  
In this article, the pulse basis functions are se-
lected as basis ones, and ( )m mG r r P  as the testing 
functions. Hence, the matrix element Zmn is ex-
pressed as 
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where um (or un) denotes the unit vector normal to 
the surface at the point m (or n); nm the unit vector 
normal to the surface; and nmG  the Kronecker delta 
function equal to 1 if n = m, or 0 if n  m; Rmn the 
unit vector in the linked direction from source point 
n to field point m, and Rmn the length between field 
point m and source point n.
Now, solve the linear equations to obtain the 
induced current distribution. With the current dis-
tribution, RCS of the scatterer can be calculated by 
way of the Stratton-Chu integral equation. 
3 Influences of Geometrical Shapes on 
    Induced Currents 
This section will describe how to model the 
relation between the induced currents and the geo-
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metrical shape of a scatterer. First, the local coordi-
nate system O'NLH is introduced to describe the 
model, as shown in Fig.1. The axis O'N is in the 
direction of outgoing normal to the surface, the axes 
O'H and O'L are tangent to the surface of the scat-
terer, and the axis O'H is parallel with the plane 
OXY in the whole coordinate system OXYZ.
Fig.1  Coordinate systems of a scatterer. 
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where the square-brackets-enclosed term with sub-
script 1 represents the induced surface current dis-
tribution by the incident electromagnetic field in the 
absence of current coupling; the square-brackets- 
enclosed terms with subscripts 2 and 3 represent the 
current coupling between the field point m and the 
source point n respectively; the term with subscript 
2 describes the influences of the electrical space on 
Zmn, and the term with 3 the influences of the sur-
face curvature on Zmn. Next, a detailed explanation 
will be given to the influences of the geometrical 
shape on current distribution. 
First, in view of the term with subscript 2, is 
discussed the way the electrical space between 
source point and field point exerts influences on the 
current coupling. Typically, in the MOM algorithm, 
the width of a surface mesh is O/10, where O is the 
free space wavelength. This discretization density is 
used throughout this article. Hence, as the area of 
the triangular mesh approximates to 0.5(O/10)2, the 
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From Eq.(6), the term with subscript 2 is in inverse 
proportion to (Rmn/O)2 when Rmn/O is much less than 
1, and to Rmn/O when Rmn/O is near or larger than 1. 
Therefore, the shorter the electrical space, the 
stronger the current coupling. 
Second, in view of the term with subscript 3, is 
discussed the way that the surface curvature exerts 
influences on the current coupling. Since the value 
of the term 3[ ( )]m m n mn u uu n u R  varies from 0 to 
1, the surface curvature functions to weaken the 
effects of the electrical space. In the local coordi-
nate system, the unit amplitude current u can be 
decomposed into two components in the directions 
of O'H and O'L, that is, u = uHH + uLL, hence, the 
term with subscript 3 can be translated into  
3[ ( )] cos
cos sin
m m n mn n L m L mn W m
n H m H mn W n n H m L mn L
u u R
u u R u u R
\
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where I denotes the angle between nm and nn; \m
(or \n) the angle between Rmn and nm (or nn); Rmn L
the component value of Rmn in the direction of O'L;
Rmn W the projection value of Rmn in the plane of 
O'HN.
From Eq.(7), the current coupling does not oc-
cur if the points m and n lie in the same plane, be-
cause of \m = 90°, \n = 90°, and I= 0° namely [ m u
3( )] 0m n mnu u  n u R . In addition, when the electri-
cal space between m and n is fixed, the intensity of 
current coupling could be determined by I,\m and 
\n.
The above-mentioned angles are determined by 
the geometrical shape of objects. For example, sinI
is large in the dihedral and concave structures, of 
which the surfaces are perpendicular or closely per-
pendicular to each other. However, there exist other 
kinds of geometrical shape such as wedges and 
edges, of which the surface curvature is not con-
tinuous. As the inner angle of a wedge increases, the 
coupling among the surface currents on the opposite 
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sides of the wedge becomes stronger. On the other 
hand, given the normal direction of a surface, the 
change of Rmn influences the induced current 
distribution. In short, the current coupling is strong 
in these structures.  
As a result, the intensity of current coupling 
depends on the electrical space and surface curva-
ture, especially when the electrical space is a domi-
nant factor. In addition, the larger the difference in 
curvature at the position m and n, the stronger the 
current coupling. Accordingly, only the stronger 
current coupling has to be computed to construct an 
impedance matrix, which is sparse with only a little 
coupling considered. The electromagnetic scattering 
may be rapidly computed with the matrix, which 
constitutes the new algorithm named the SMM. 
4 Examples and Discussions 
In this section numerical results are presented 
for RCS of objects to demonstrate the computa-
tional efficiency of the SMM. The geometries con-
sidered include a cone-sphere with a gap, a bi-arc 
column and a stealth aircraft configuration. The in-
fluences of the electrical space and the surface cur-
vature on the RCS computation are especially 
shown in terms of the geometrical features of the 
cone-sphere with a gap and the bi-arc column. The 
stealth aircraft configuration is important to develop 
stealth technology in the aircraft design. A com-
parison of the computational accuracy and the time 
required to calculate by different algorithms is given 
below. 
4.1 RCS computation of a cone-sphere with a
gap
Given the electrical space between source point 
and field point, the coupling range can be controlled 
during the computation and the sparse impedance 
matrix is constructed by using the dominant current 
coupling.
In Example 1, the mono-static RCS of the 
cone-sphere with a gap is calculated and compared 
to the measured results and the MLFMA results in 
order to evaluate the effects of the electrical space 
upon the computation. The cone-sphere with a gap 
is shown in Fig.2, where the angle of cone is 14º; 
the length of cone 605.1 mm; the radius of sphere 
74.9 mm; the radius of column 68.5 mm, and the 
frequency of the incident wave 3 GHz. 
Fig.2  Shape of cone-sphere with a gap. 
Fig.3 compares the RCS results from the dif-
ferent algorithms. For SMM1 results, special atten-
tion is paid to the current coupling in the range of 
0.3O; for SMM2, 0.5O and for SMM3, 0.8O. From 
Fig.3, it is seen that as the coupling range increases, 
the computational results get close to the experi-
mental results. When it reaches 0.5O, the SMM re-
sults agree well with the measured results and the 
MLFMA results. 
Fig.3  Comparison of RCS of cone-sphere with a gap    
(f = 3 GHz, VV polarization). 
Fig.3 shows that the SMM algorithm offers a 
lower computational accuracy than the MLFMA 
algorithm, but the difference is very small. It might 
be attributed to the fact that the MLFMA algorithm 
considers all current couplings in the near field and 
far field zones, while the SMM algorithm merely 
the strong current coupling in ignorance of the 
secondary weak current couplings, which also 
renders the SMM superior to the MLFMA through 
shortening computational time. This is evidenced by 
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ing computational time. This is evidenced by the 
example, in which the computational time the 
MLFMA consumed is 7 h and 30 min, while the 
SMM2 only 2 h and 23 min.  
4.2 RCS computation of a bi-arc column 
In Example 2, the mono-static RCS of a metal-
lic bi-arc column is calculated to investigate the 
influences of the surface curvature and compare the 
results to the experimental ones. Fig.4 shows the 
dimension of the bi-arc. The frequency of the inci-
dent wave is 3 GHz. 
Fig.4  Shape of bi-arc column.  
The geometry of the bi-arc column is featured 
by larger lengths in the direction of span and chord 
than those in the direction of thickness. Therefore, 
although the source point and field point are located 
at the arbitrary position in the above-cited three di-
rections, thereby keeping the same electrical space 
on the surface, marked changes in the intensity of 
current coupling still occur with different surface 
curvatures, and the range of the strong coupling can 
be effectively controlled during the computation, 
especially in the case that the current coupling in the 
range of I 65° and \ 25° is supposed for the 
SMM1; I 55° and \ 35° for the SMM2; I 45° 
and \ 45° for the SMM3.  
Fig.5 illustrates the calculated RCS results ob-
tained with different algorithms. In the direction of 
azimuth angle 0°, the incident wave impinges upon 
the bi-arc column in the direction parallel to the axis 
X. Because the incident direction of wave deviates 
well from the normal direction of surface, the cou-
pling among the induced currents dominates the 
current distribution. Therefore, with the considered 
range enlarging, the numerical results of the SMM 
algorithms converge toward the MOM results in 
good agreement with the experimental results. 
Fig.5  Comparison of RCS of bi-arc column (f = 3 GHz,  
VV polarization). 
In the nearby direction of azimuth angle 90°, 
because the propagation direction of the incident 
wave is close to the normal direction of surface, the 
optical scattering is strong, and the current coupling 
is relatively weak. Thus the results obtained with 
different algorithms are similar to each other in the 
range of azimuth angle from 60° to 90°. 
4.3 RCS computation of stealth aircraft 
 New military aircrafts need stealth technology 
to design stealth shapes, but all kinds of approxi-
mate algorithms at high frequencies are not suitable 
for accurate RCS computation. On the other hand, 
as the MOM approach is limited by running time 
and the volume of memory, it is difficult to calculate 
RCS of an electrically large object. 
 In order to validate the feasibility of the SMM 
algorithm for an aircraft configuration, the mono- 
static RCS of a typical stealth aircraft is calculated. 
Fig.6 shows the geometrical shape of the aircraft 
with its main geometrical dimensions listed below: 
the longitudinal length of fuselage is 8.14 m; the 
largest width of fuselage 3 m, and the span length 
10.64 m. The stealth performances of the aircraft is 
evaluated with three different algorithms: (1) the 
SMM; (2) the PO, which uses the incremental 
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length diffraction coefficients (ILDC) algorithm to 
compute the diffraction scattering of edges[9]; (3) the 
MOM. Taking into account the high costs spent on 
the computation with the MOM, the conditions are 
defined as: the frequency of the incident wave is 
100 MHz; the pitching angle 0°, and the azimuth 
angle from 0° to 180°. 
Fig.6  Shape of aircraft. 
Fig.7 shows the numerical results obtained 
with the three algorithms. In this example, based on 
the experiences and Ref.[10], the threshold value of 
the electrical space is set 0.5O in the SMM1, SMM2 
and SMM3. In order to show the influences of the 
surface curvature, different threshold values of the 
curvature are specified. The current coupling is as-
sumed in the range of I 65° and \ 25° for the 
SMM1; I 45° and \ 45° for the SMM2, and all 
current couplings in the range of 0.5O for the 
SMM3.
Fig.7  Calculated results of aircraft RCS with different 
methods (f = 100 MHz, HH polarization). 
From the results (Fig.7, Table 1), it is seen that 
as the coupling range enlarges, the numerical results 
of the SMM converge toward those of the MOM. In 
addition, the results with the PO are basically con-
sistent with those with the MOM, but the RCS val-
ues are markedly different at the wave crests. Con-
sequently, the PO algorithm proves unsatisfied for 
stealth aircrafts due to its poorer accuracy. 
Table 1 Comparison of average RCS of aircraft 
Unit: dB·m2
Azimuth 
angle/(°) PO SMM1 SMM2 SMM3 MOM 
0-30 –12.65 –11.09 –9.25 –8.37 –7.68
30-60 –4.17 –8.39 –9.09 –9.12 –8.93
60-90 0.66 1.34 2.38 2.86 2.97
90-120 3.63 3.94 4.83 5.21 5.32
120-150 0  –0.67 –0.57 –0.50 –0.50
150-180 –5.24 –4.83 –4.47 –4.60 –4.63
Fig.7 shows a marked deviation in the calcu-
lated RCS results with different algorithms in the 
nose directions of the aircraft, but a real consistency 
in the side and aft directions. This might be ascribed 
to the fact that on the nose RCS, the front fuselage 
and wing are strong scattering source with weak 
optical scattering and important resonance scatter-
ing; as such the effects of the current coupling are 
large in RCS computation. In contrast, in the side 
and aft sector, the fuselage plays a main role in RCS 
computation. The fact that the normal direction of 
fuselage is close to the incident direction renders the 
optical scattering dominant with small effects of the 
coupling. Therefore, it is clear that the features of an 
aircraft shape determine the different dominant 
scattering phenomena in different directions. 
In addition, Table 2 lists the running time spent 
on RCS computation with different methods. Be-
cause the strong coupling occurs only at local posi-
tions and the impedance matrix is sparse, the run-
ning time spent by the proposed SMM algorithm is 
much shorter than MOM. Among the SMM, the 
SMM3 with the considered electrical space takes 
around 8% of the time needed by the MOM. With 
both the electrical space and the effects of the sur 
face curvature considered, the SMM2 decreases the 
time needed by SMM3 by 9.5%. 
Table 2 Comparison of running time for RCS computa-
tion of aircraft (181 points) 
 SMM1 SMM2 SMM3 MOM 
Running 
time/s 5 611 6 878 7 602 95 387 
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For an aircraft, the main threatening radars 
work at high-frequencies. However, because of high 
operational costs, the MOM is not suitable for 
computation of high-frequency RCS, to which the 
SMM algorithm is an ideal alternative. This is why 
now the SMM algorithm is always being adopted to 
evaluate stealth performances of an aircraft when 
the frequency of the incident wave is 3 GHz. 
Fig.8 compares the calculated RCS results of 
an aircraft with the PO and the SMM when the fre-
quency is 3 GHz. The figure does not include the 
results with the MOM, whose poorer memory limits 
its application to high frequencies, especially when 
the threshold value of the electrical space is set 0.5O,
and that of the surface curvature I 45° and \ 45°. 
From Fig.8, it is seen that the RCS results are basi-
cally consistent except at the wave crests where they 
become markedly different in discrepancy. Table 3 
lists the peak RCS values from the two different 
algorithms. 
Fig.8  Comparison of RCS of aircraft (f = 3 GHz, HH po-
larization).
Table 3 Peak RCS values of aircraft 
Unit: dB·m2
Azimuth angle/(°) PO    SMM 
42 1.56 –2.33 
90 –1.12 0.63 
138 –13.23 –10.61 
180 –3.72 –2.86 
The direction of the azimuth angle 42° is nor-
mal to the leading edge of wing, and as such the 
large RCS depends on the leading edge mainly. The 
difference between both groups of RCS results is 
about 4 dB·m2. Because the incident wavelength is 
basically equal to the radius of the leading edge, 
there exists strong current coupling at the local po-
sition. Ignoring couplings, the PO algorithm is unfit 
for accurate computation of RCS of an electrically 
small structure such as the leading edge of a wing. 
In contrast, with the strong coupling considered, the 
SMM algorithm is satisfied in accuracy for the 
structure having large electrical characteristics on 
the whole yet small locally. The direction of the 
azimuth angle 138° corresponds to the tailing edge 
of wing, and the coupling on the edge also influ-
ences RCS computation. Besides, the aft fuselage 
plays a role in RCS of the aft sector, which is attri- 
buted to the different RCS values of the PO and the 
SMM algorithms. 
In the case of high frequency such as 3 GHz, 
the MOM algorithm can not be used to compute 
RCS of an aircraft because of its limited volume of 
computer memory. To the contrary, the SMM algo-
rithm is an ideal alternative to the MOM with a run-
ning time of 8 717 s.  
From Fig.7 and Fig.8, it is understood that the 
stealth performances of an aircraft are different at 
high frequencies and low frequencies. Under the 
high frequency conditions, the stealth shape design 
can reduce the echoes in a majority of directions 
with several narrow wave crests of RCS present. 
While under low frequency conditions, all direc-
tions present larger RCS results than those under 
high frequency conditions. The comparison shows 
that the good stealth performances of a shape at 
high frequencies might get worse at the low fre-
quencies. The RCS discrepancy between them is 
about 10-20 dBsm. 
The cited examples show that the SMM algo-
rithm can effectively simulate the current coupling 
at local positions, and lower the requirements on the 
running time and volume of memory by the MOM. 
In addition, in a stealth aircraft configuration, the 
electrically small structures at the local positions 
have got strong scattering sources. The PO algo-
rithm is unfit for accurate RCS computation in the 
stealth shape design due to its own shortcomings. 
Moreover, with the current coupling considered at 
the local positions, the SMM algorithm is capable of 
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speeding up RCS computation for a stealth aircraft 
configuration.
5 Conclusions 
 In order to satisfy the requirements posed by 
stealth aircraft design, a fast accurate algorithm, 
termed the sparse-matrix method (SMM), is pro-
posed to compute RCS. 
(1) The SMM algorithm is based on the geo-
metrical characteristics of objects and takes into 
account the dominant current coupling to construct 
the impedance matrix, of which the sparse degree 
depends on the geometrical shape. On a stealth air-
craft configuration, the strong coupling occurs 
mainly at the positions such as the edge of wing and 
fuselage, the joints of parts and all kinds of cavities. 
The geometrical features of the above-mentioned 
positions markedly change surface curvatures and/ 
or geometrical dimensions close to the radar wave-
length. Other positions of the aircraft are flat sur-
faces, on which the current couplings can be ig-
nored during RCS computation. In a word, the im-
pedance matrix of a stealth aircraft is of a sparse 
nature with shorter running time than that MOM 
needs.  
(2) The electrical space between field point and 
source point is a dominant factor that determines the 
induced current distribution. Examples show that 
the SMM algorithm with the electrical space con-
sidered consumes around 8% of the time required 
by the MOM without any loss in accuracy.  
(3) With the electrical space considered, mak-
ing another allowance for the surface curvature can 
greatly reduce the computational time by 9.5%.  
(4) The stealth performances of the aircraft are 
compared at different wave bands. The comparison 
shows that the good stealth performances of a shape 
at high frequencies might get worse at low frequen-
cies. The RCS discrepancy between RCS at high 
and at low frequencies is about 10-20 dB·m2.
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